Introduction
Thermal pastes consist of thermally conducting solids, such as metals, ceramics, and/or carbon, which are incorporated into liquids that include various hydrocarbons or silicone oils [1] [2] [3] . Additionally, other ingredients such as antioxidants and/or phase stabilizers are often present in small amounts [4] . For the highest thermal conductivities, the degree of loading of the solid ingredients is maximized to be as close as possible to the maximum packing fraction. This is achieved by tailoring the particle shape and size distributions of the solid ingredients, principally by employing bimodal or multimodal particle size distributions [5] . The concentration of solids in thermal paste generally exceeds 70 vol.%.
It is generally understood [6] that the degree of solids loading is related to the maximum bulk thermal conductivity, k, of the paste. Less appreciated is the fact that the degree of mixing achieved by the mixing process influences k to a significant degree. While there is a large body of knowledge about mixing of high solids composites in such separate areas as solid rocket fuels and propellants [7] [8] [9] [10] , electrically conductive compounds [11] , composites [12, 13] and soaps [14] , little if anything has been reported about mixing of thermal pastes. In this paper, we review the relevant facts which apply to the mixing of thermal pastes.
Similarly, only a few studies [15] [16] [17] [18] [19] [20] [21] exist on the rheology of thermal pastes, although their flow behavior is critical in attaining the narrow gap thickness required to reduce the thermal resistance between a computer chip and a cooled surface, or ''hat.'' Most reported studies [15] [16] [17] [18] [19] [20] [21] have been carried out on highly filled systems of a very different nature, such as phase-change materials [15] , thermal gels [16] , and other polymer-based systems [17] [18] [19] [20] [21] . In this paper, we discuss what is relevant to understanding the rheology of thermal pastes.
Possibly the most important property of thermal paste is the long-term stability of its thermal resistivity imparted to the gap between a chip and the cooling hat.
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This property is rather unique to thermal pastes, since most highly filled composites used in the areas mentioned above [7] [8] [9] [10] [11] [12] [13] [14] exist in the liquid phase only during a short transition period (primarily during processing). Therefore, we describe in more detail how the stability of thermal pastes is measured and how to improve this property that is critical to the electronics industry.
Experimental information
Two different types of mixers and associated mixing procedures were applied to the processing of the thermal paste. First, the mixing was carried out using a modified intensive mixer with counter-rotating roller-type agitator blades, i.e., the Model EU-5V torque rheometer from Haake Buchler Instruments, Inc., Saddle Brook, NJ. This tool has a 60-cc mixing chamber; it was operated at a roll speed of 32 rpm and at 508C. Two separate procedures involving mixing with and without the application of vacuum were applied. The rheological properties of the various pastes were measured using an ARES rotational rheometer from Rheometrics (now TA Instruments, New Castle, DE). Samples were characterized at 508C if not otherwise indicated. Dynamic properties were measured under small-amplitude oscillatory shear flow, and steady-flow behavior was characterized using steady torsional flow. Strain sweep tests were conducted at a frequency of 1 rps. All experiments used 25-mm-diameter disks in parallelplate configuration. For most experiments we used stainless steel disks with smooth surfaces. In a few steadyflow experiments we used a parallel-plate combination of a smooth or rough Cu surface on one side and a back-side silicon surface on the other disk in order to simulate the surfaces in a chip-cooling-cap gap. These surfaces were obtained by gluing respective specimens to the stainless steel disks.
The IR camera used for imaging was a Merlin Mid from FLIR Systems, Indigo Operations (Goleta, CA) with a 320 by 256 InSn focal plane array detector with a spectral range of 3-5 lm. While the accuracy of the temperature reading is 618C or 2%, whichever is lower, temperature fluctuations of ,0.18C can be resolved. The spatial resolution can be as small as 8 lm when a 13 microscope lens is used. The detector area is 30 lm 3 30 lm.
Mixing of thermal pastes
The thermal pastes used for this study consist of a highly filled suspension consisting of aluminum and alumina particles incorporated in hydrocarbon oil. Two formulations with differing solid contents were mixed and investigated. The solid contents are greater than 72 vol.%.
Mixing is a complex procedure that can be carried out either in a batch or in a continuous process [22, 23] . In this project we used two different batch-mixing processes and compared the results. One process was carried out first using a planetary Ross mixer and then completing the mixing process using a three-roll mill [24] . The finished product was degassed for two hours in a vacuum oven at 30 torr using a programmed temperature ramp from room temperature to 2008C. Degassing in this fashion minimizes the amount of co-mixed air but does not eliminate it (see below). To do that, high-shear mixing under vacuum is required. The overall mixing process takes considerable time and is operator-dependent.
The second batch process used high-shear mixing in the torque rheometer, with mixing times varied from 5 to 20 minutes. A significant advantage of this process is that the mixing of the ingredients can be carried out under vacuum. Air removal from the paste during the mixing process is important, as is shown below.
The goal of mixing is to achieve a uniformly mixed sample. However, uniformity is arbitrarily defined and depends on the scale of the investigation [8] . Since the amount of material used per chip in the narrow gap between the chip and the cooling cap (bondline) is rather small (of the order of 0.1 ll), the mixing quality has to be very high. Mixing quality is characterized by a random distribution of particles within the mixture and small average distances between the various components.
Degree of mixedness analysis
The following provides background for the analysis of the degree of mixedness of the solid ingredients of the thermal paste samples. During determination of the degree of mixing experiments, N measurements of the concentration of one of the ingredients, c i , of the formulation are made to determine the mean, c; and the variance, provides the most basic measure of the homogeneity of a mixture. A small variance value suggests that the mixture approaches the behavior of a homogeneous system, in which most of the samples yield concentration c i values that are approaching the mean concentration, c; of all samples. If the components of a mixture are completely segregated, maximum variance occurs. The value of the maximum variance (or the square of the between-sample standard deviation) for a completely segregated system can be defined by assuming that the samples are taken either from one component or from the other without crossing a boundary [25] :
The most ideal state of random mixing possible is achieved when the variance of the concentrations of the targeted ingredient sampled from different locations in the mixture reaches the variance of the binomial distribution. The present study used the mixing index, MI, which is based on the standard deviation of the distribution of the concentration of one of the ingredients of the formulation over the standard deviation of the completely segregated sample for the same ingredient [11] . This mixing index exhibits a value of 0 for a completely segregated sample, and its value approaches 1 for a completely random distribution of the concentrations of its ingredients:
Two basic mixing mechanisms exist: extensive or distributive mixing and intensive or dispersive mixing. The quality of distributive mixing is determined by the spatial distributions of the phases, affected by the amount of strain a sample experiences during mixing and the reorientation of the interfaces between the phases. The extent of dispersive mixing is determined by the stress distribution and the stresses that are applied on the phases to change their physical properties, including the particle size distribution of the solid phase [26] . The efficiency of the dispersive mixing process in reducing agglomerate sizes increases with the use of smaller gaps between mixing blades or rolls and binders with higher viscosity values. The mixing of highly filled systems containing small particles involves both distributive and dispersive types of mixing. In the case at hand, distributive mixing is considered to be the predominant mode. Table 1 shows a comparison of the mixing indices of the two main components of the pastes mixed by the torque rheometer under various conditions and by the planetary Ross mixer followed by the three-roll-mill mixing. The MI values of the main ingredients are identical for the two mixing methods. However, with the torque rheometer, this mixing index is obtained after only 5-15 minutes of mixing compared with approximately two hours required for batch component mixing with the planetary/three-roll-mill process combination. Furthermore, although wide-angle X-ray scattering experiments [8] indicated that the distributive mixing characteristics of the pastes prepared by the different mixing methods were very similar, at the finer scale of examination of SEM image analysis, the samples mixed with the torque rheometer were found to be better mixed distributively than those processed by the three-roll mixer.
Mixing results
As is shown next, the rheological characterization of the mixtures revealed that the shear viscosity of the samples mixed with the planetary/three-roll mixers was greater than that of the samples processed with the torque rheometer. The thermo-gravimetric analysis of the two pastes showed comparable oil contents, thus eliminating differences in binder content as a possible explanation for the higher shear viscosity found in the three-roll-mixed samples. It remains unclear, however, whether the dispersive mixing characteristics of the two pastes are different, since the higher shear stresses of the torque mixer are expected to impart smaller agglomerate sizes and therefore smaller values of yield stress and shear viscosity.
Rheological characterization
Strain sweep tests showed that the paste exhibits linear viscoelastic behavior only up to a strain value of 0.1%. At larger values of strain, the storage modulus, G 0 , which characterizes the energy stored as elastic energy during one cycle of deformation (solid-like behavior), the loss modulus, G 00 , which characterizes the energy dissipated as heat during one cycle of deformation (liquid-like behavior), and the magnitude of the complex viscosity of the thermal paste (which approaches the zero shear viscosity of the thermal paste as the deformation rate is reduced) exhibit sharp drops, as shown in Figure 1(a) . Hence, oscillatory shear tests were conducted at strain amplitudes lower than 0.1%. At relatively large strains, the appearance of a discontinuity in the straight marker line at the materialwall interface was observed, providing visual evidence of wall slip, a characteristic of highly filled systems [27, 28] . Wall slip in concentrated suspensions occurs on the basis of the formation of an apparent slip layer, which consists solely of the binder of the suspension. The thickness of the apparent slip layer is generally a fraction of the particle size of the solid phase [29] . Wall slip increases with increasing thickness of the apparent slip layer, decreasing shear viscosity of the binder, and increasing amount of air incorporated into the suspension [30, 31] . Wall slip was negligible in the linear viscoelastic range of the small-amplitude shear experiments.
Wall slip is a significant failure mode of thermal pastes; in vertical geometries it can lead to the loss of all or part of the thermal paste from a chip-cooling-hat gap [27] [28] [29] [30] [31] [32] . Roughened surfaces can be used to counteract wall slip. However, it has been shown by Aral and Kalyon [28] that attempts to deform viscoplastic suspensions using roughened surfaces can lead to the development of internal slip planes and the fracturing of the paste during shearing. As part of the present study, we tested whether the investigated paste will fracture in steady shear using roughened Cu surfaces, and we have confirmed that this system does indeed develop near-surface and bulk cracks under certain conditions.
The paste mixed with the torque rheometer was subjected to time sweeps at 0.02% strain and 1 rps frequency to determine its stability. The dynamic properties remained largely unchanged during this Figure 2(a) ]. This behavior is characteristic of the gel-like structures formed by the high degree of solid fill. The magnitude of the complex viscosity exhibits a decrease with increasing frequency. Frequency sweep tests were conducted with at least three different samples to validate the repeatability of the results and to identify the sample-to-sample variation, which was found to be small.
The dynamic properties during temperature sweep experiments are shown in Figure 2(b) . The sample is sheared at 1 rps and 0.02% strain as the temperature is gradually increased. The dynamic properties exhibit a rather sharp decrease with increasing temperature.
The samples were also subjected to steady torsional flow experiments at three different shear rates at 508C. Again, the material showed very significant wall slip at the three apparent shear rates, as revealed by the straightline marker technique ( Figure 3) . There is no deformation of the specimen at shear stress values that are less than about 40 kPa, suggesting that the yield stress of the thermal paste is in the 20-40-kPa range. The yield stress value of the thermal paste was found to change as a function of the mixing conditions.
Samples mixed under vacuum for 5, 10, and 15 minutes in the torque rheometer were subjected to a frequency sweep test, and the results of the rheological characterization are compared in Figure 4 . All samples exhibit very similar magnitudes of complex viscosity, indicating that the structure and hence the rheological behavior of the paste remained more or less invariant after the first five minutes of mixing. This suggests that acceptable degrees of mix can be achieved during a relatively short residence time in the torque rheometer. It suggests further that particle coating and agglomeration breakdown are essentially complete after five minutes.
The sample mixed using the planetary Ross mixer followed by the three-mill-roll process was also characterized using frequency sweep measurements, and exhibited a significantly greater magnitude of complex viscosity values. This indicates either that the particles were not as homogeneously coated with the binder as those mixed with the torque rheometer, or that the binder content of the mixtures arising from the planetary Ross mixer was lower than that mixed using the torque rheometer. Thermo-gravimetric analysis showed that the binder content of the suspensions remained constant during mixing, indicating that it was the difference in the degree of mixedness of the ingredients that gave rise to the observed difference in the rheological behavior of the thermal pastes mixed by the two different methods. If during mixing the binder does not coat the individual particles but rather the agglomerates of the particles, the voids found between the particles in the agglomerates act to increase the overall effective volume percentage of solids (the volume occupied by the particles and the void space between the particles) to give rise to an increase
Figure 3
Steady torsional flow experiments at various shear rates and 50ЊC. The photo insets show that at a targeted apparent shear rate of 0.1 s Ϫ1 , wall slip is near 100% with no sample shearing, but that sample deformation increases at higher apparent shear rates while wall slip continues to be significant. in the yield stress and hence the shear viscosity of the suspension. On the other hand, when the binder drives out the air during the mixing process and the individual particles are coated (i.e., encapsulated) with the binder, the yield stress and the shear viscosity of the suspension decrease.
Infrared (IR) imaging
Infrared imaging or IR thermography [33, 34] is a technique in which the thermal map of an object is generated from the infrared radiation it emits. The emitted radiation is collected with special IR optics consisting of germanium, silicon, or sapphire elements and is detected by an IR detector or a focal plane array of detectors (InSn, etc.). The temperature of the object is determined by using Planck's law [35, 36] . The spectral range of the used IR wavelengths depends on the emissivity of the object surface [37] , detector sensitivity, and atmospheric absorption. IR images obtained in this way reflect the spatial distribution of temperature on the object surface. This method is well suited to studying the temperature distribution of processor chips in operation.
Failure of the thermal paste under operating conditions is known to cause processor failure. The mechanism of paste failure is not well understood; consequently, a silicon prism heat-sink assembly was developed that enables IR imaging of the thermal interface in the actual packaging environment. This silicon heat-sink assembly ( Figure 5 ) comprises two matching right-angle prisms with one prism coated with gold along the surface of the hypotenuse such that the IR from the heat source (i.e., the chip) is reflected into an IR camera. The second prism is bonded to the first to form a cube. The top surface is bonded to a cold plate through which a coolant is circulated. The heat flow in this assembly is from the chip through the thermal paste through the bottom of the cube to the sink at the top of the cube.
IR imaging was performed on a POWER4* microprocessor running at up to 140 W; 100 lm (4 mils) of the roll-milled thermal paste was applied to the back side of the chip. The prism was pressed on top of the paste until the desired gap was obtained. IR images of the heatsink-paste interface were taken at various powers from room temperature (0 W up to 125 W). Initially the paste appearance was fairly uniform [ Figure 6(a) ]. As the power reached 124 W, defects appeared [ Figure 6(b) ]. The temperature of these defect regions was about 108C to 208C above the background and was close to the
Figure 5
Schematic of the silicon heat-sink assembly. The IR camera is placed at 90Њ to the thermocouples. A: water-cooled cold plate; B: thermocouple holes; C: silicon rod split in half and goldplated; D: thermal interface material (TIM); E: chip and chip substrate (light green); F: socket. The assembly is in a frame to apply pressure to achieve the desired TIM bondline thickness. temperature of the built-in chip temperature sensor near the area of the chip with the highest power density (hot spot). The defect regions were investigated by optical microscopy of the dissembled sample [ Figure 6 (d)] and were found to be voids that extend through the entire thickness of the paste. The voids formed initially were small. Over time at temperature they grew larger and eventually began to coalesce [ Figure 6 (c)]. Defect density and growth were most severe over the chip hot spots. It is believed that these voids originate from air inclusions in the thermal paste. To verify the effect of included air on the degradation behavior, a sample mixed in the torque rheometer under vacuum was investigated. This sample showed a void present from the beginning and associated with placing the sample on the chip; this void did not grow during subsequent heating [ Figure 7(a) ]. However, another paste-degradation process, best described as paste erosion, was observed [ Figure 7(b) ]. This mechanism has been widely observed in pastes that were not vacuummixed; it is an intrinsic failure mechanism of thermal pastes. The factors leading to paste erosion are not yet completely understood.
The thermal paste contains oil as the liquid phase, and this oil forms a thin film on the chip-paste interface and the paste-heat-sink interface (the slip layer, as discussed above). In order to understand the effect of this layer in paste voiding, a thin layer (;1 lm) of a transparent infrared fluid was placed between chip and prism heat sink. IR images of the fluid interface were acquired while the chip was power-cycled. Sudden and rapid void formation was observed in the oil as the microprocessor power dropped from 136 W to 83 W. These voids originated at the edge of the microprocessor and traveled inward toward the center of the microprocessor on a scale of milliseconds. Such voids were often closed off from the outside, creating pockets of air between chip and silicon heat sink (Figure 8) . Thus, it is clear that the void formation is to some extent related to the rheological behavior of the binder, and in future experiments the effect of higher oil viscosity on void formation will be investigated.
Concluding remarks
In this paper we have described the mixing process, intrinsic properties, and degradation behavior of a highly filled thermal interface material. The results strongly suggest that high shear mixing is essential in producing highly dispersed pastes with rheological properties that permit the smallest possible bondline between a chip and metal plate (e.g., a cooling hat) to be achieved. Investigation of thermal paste degradation by IR imaging further suggests that mixing should be conducted under vacuum to remove air from the paste, since included air can result in void formation that degrades the thermal performance of the paste. Void formation can also be affected by the behavior of the interfacial oil layer.
